By Hal E. Broxmeyer (r) and natural human (h) macrophage colonystimulating factor (M-CSF, CSF-1) have been considered poor stimulators of macrophage progenitor cells present in human marrow, although they are potent stimulators of these cells in mouse marrow. We compared the growth characteristics of rhM-CSF-responsive human macrophage progenitor cells placed in semisolid agarose or agar culture medium and incubated for 14 days at ambient (-20%) or lowered (5%) 0 , tension. By itself, rhM-CSF was found to be a good stimulator of macrophage colony formation by human bone marrow cells cultured in agarose but not in agar; this growth was enhanced by incubation at 5% 0 , . Maximal numbers (up to 1 15/106 nonadherent low density cells plated) of macrophage colonies (50 to greater than 500 cells per colony) were stimulated by 500 to 1,000 units rhM-CSF/mL, with l /~ maximal numbers stimulated by ACROPHAGE COLONY-stimulating factor (M-M CSF, CSF-I),',' a lineage-specific CSF for mononuclear phagocytes (monocytes, macrophages), acts through a specific protein receptor encoded by the e-fms protooncogene.'-' In addition to its direct stimulation of macrophage progenitor cell proliferation in vitro: M-CSF also acts on more mature cells in this lineage and primes for, or induces, the release of other biologically active ~ytokines.~ The human gene for M-CSF has been isolated, cloned and expressed.'.'' The in vitro effects of human and murine M-CSF in mice"-" are consistent with the multiple effects of M-CSF in vitro.7 M-CSF appears to manifest some degree of species specificity. Mouse M-CSF stimulates colony formation of mouse,'.' but not of human, bone marrow macrophage colony formation. In contrast, an apparent enigma exists with native and recombinant forms of human M-CSF, which manifest good CSF activity on mouse bone marrow macrophage colony formati~n,'.~.~.~ but which have been found to be poor stimulators of human bone marrow macrophage colony f~r m a t i o n . '~~~'~~~' In the few articles reporting the stimulation of human bone marrow colony formation by human M-CSF, the colonies formed were mainly composed of small numbers of dispersed macrophages.'8'2' For this reason, mouse bone marrow cells have routinely been used to assay the activity of human M-CSF. Human M-CSF has been shown to have more activity as a stimulator of human macrophage colony formation if small amounts of human granulocyte-macrophage (GM)-CSF are added with human M-CSF to cultures of human bone marrow cells," a fact that may in part reflect the ability of human GM-CSF to increase expression of the c-fms proto-oncogene." However, this still leaves human M-CSF as a poor stimulator of human macrophage progenitors.
In our studies evaluating ways to enhance the cloning efficiency of hematopoietic progenitor cells in vitro, we noted that colony formation of bone marrow progenitors stimulated by different CSFs was increased if agarose, instead of agar, was used as the semi-solid support medium.23 Cloning efficiency is also enhanced by incubation of the cells at 250 to 500 units/mL. With agarose as the support medium, rhM-CSF was two-to fourfold more active on mouse than on human macrophage colony formation, in contrast to previous reports of 10-to 100-fold greater activity when agar was used as the support medium. Using nonadherent low density T lymphocyte-depleted human bone marrow cells growing in agarose at 5% 0 , . greater than additive effects on colony formation were observed when 31 to 500 units rhM-CSF were used in combination with either 10 ng lowered (5%), as compared with normal (-20%) oxygen (0,) tension.24s25 This report shows that recombinant human (rh) M-CSF alone is a good stimulator of macrophage colony formation by normal human bone marrow cells when the cells are cultured in semisolid agarose culture medium at levels of 5% 0,, and evaluates the effects of rhM-CSF in combination with either rh interleukin (1L)-la, rh IL-6, rh granulocyte-macrophage (GM)-CSF, or rhG-CSF under these culture conditions.
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Hialeah, FL) using monoclonal antibodies Leu-M3 and Leu-4, respectively.
Femoral bone marrow cells were obtained from 4-to 6-week old (C57B1/6 x DBA/2) F, (B,D,F,) female mice purchased from Cumberland View Farms (Clinton, TN).
LD, NALD, and NALDT-normal human bone marrow cells were plated at 0.5 x lo4 or 1.0 x lo4 cells/mL, and unseparated or NA mouse marrow cells were plated at 7.5 x IO4 cells/mL in 35-mm standard tissue culture dishes in 1 mL of either 0.3% agar (Difco Laboratories, Inc, Detroit, MI) or 0.4% Sea Plaque Agarose (FMC BioProducts, Rockland, ME) culture medium containing McCoy's 5A medium supplemented with additional essential and nonessential amino acids, glutamine (1.2 mmol/L), serine (0.12 mmol/L), asparagine (0.18 mmol/L), sodium pyruvate (1 mmol/L (GIBCO Laboratories, Grand Island, NY), penicillin/streptomycin (100 U/mL, 100 pg/mL), and 10% heat inactivated (56OC for 30 minutes) fetal bovine serum (FBS; Hyclone Corp, Logan, UT) in the absence or presence of recombinant human M-CSF produced in (lot DCP-006: from the long form, 50.1 ng endotoxin/ mg; and lots DP 404: t0.02 ng endotoxin/mg and DP 405: t0.14 ng endotoxin/mg from the short forms, prepared by the Process Product Development Department and Dr W. Laird, Cetus Corp, all greater than 95% pure by sodium dodecyl sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]). The preparations of rhM-CSF had specific activities of 2 5 x IO7 units/mg as assessed on colony formation by Balb/c mouse bone marrow cells. In some experiments, combinations of molecules were used. These included rhIL-la (lo9 D10 proliferation units/&, a gift of Dr Peter T. Lomedico (Hoffman-LaRoche, Nutley, NJ); rhIL-6 (5 x 10, units/mg when titered on the IL-6-dependent hybridoma cell line B13.29 using a cell proliferation assay) and rhGM-CSF (5 x IO7 units/mg using human bone marrow colony and cell proliferation assays), gifts from Drs Douglas E. Williams and David Urdal (Immunex Corp, Seattle, WA); and rhG-CSF (specific activity greater than 5 x lo7 units/mg by human bone marrow colony assay; Dr Robert Drummond, Cetus Corp). Culture dishes were incubated at 37OC in a humidified atmosphere flushed with 5% CO, in ambient air (-20% O2 tension) or at lowered (5%) 0, tension in an ESPEC N,-0,-CO, incubator BNP-210 (Tabai ESPEC Corp), and scored after 14 days incubation for human and after 7 days for mouse colonies (greater than 50 cells) and clusters (5 to 50 cells). Colony and cluster morphology was assessed in whole plates stained with a-naphthyl acetate esterase and luxol fast-blue and then counterstained with hematoxylin.26
Results are expressed as the mean + 1 SEM of three plates per point, unless otherwise noted. Because the variance of the dependent variable, the number of colonies observed, increased as Colony assays.
Statistics.
the number of colonies increased, all statistical tests were based on the assumption of an underlying Poisson distribution.,' Statistical comparisons between experimental groups use an exact test based on the Poisson di~tribution.,~ The test for greater than additive effects between growth factors and M-CSF dosages were obtained as x, tests arising from a regression procedure assuming a Poisson distribution.,' A modified Bonferroni procedure was applied to the P values obtained from these multiple tests of significance to control the overall probability of falsely rejecting our null hypotheses (Type I error).%
RESULTS
Comparative analysis of cell growth in agarose and agar: Influence of 0, tension. Recombinant and natural hM-CSF have been noted previously to be poor stimulators of human bone marrow macrophage colony f~rmation.*.~.'*-*~ At best, when human bone marrow cells were plated in semisolid agar culture medium, hM-CSF stimulates small aggregates of 20 to 50 disperse macrophages, with occasional aggregates containing more than 100 cells seen. Detection of these small disperse cell aggregates, which can occupy areas of over 2 mm in length, are most easily observed when background colony and cluster formation in the absence of exogenously added CSF (due to the presence of endogenous growth factor-releasing cells) is very low or absent, when plating is done a t 5 lo5 cells/mL, and when cultures are scored under relatively low magnification (eg, OX).^^-*^ As shown in Tables 1 and 2 , in attempts to enhance the detection of rhM-CSF-responsive human bone marrow macrophage colony formation, it became apparent that conditions combining 0.4% agarose-culture medium as the semisolid cell support and the use of lowered 0, tension during the cell incubation period resulted in the detection of a large number of macrophage colonies (greater than 50 cells per aggregate). The formation of colonies was related to the concentration of rhM-CSF used (Table 1) . At one concentration of rhM-CSF (1,000 units/mL) and between the cell plating concentrations of 0.25 to 1.0 x lo5 LD or NALD cells/mL, there was a linear relationship between the number of cells plated and the number of colonies formed (data not shown). Macrophage colony formation stimulated by rhM-CSF was enhanced when cells were cultured at lowered (5%) compared with ambient (-20%) 0, tension ( Table 2; one representative of three similar experiments). When the same marrow samples shown in Tables 1 and 2 were plated in 0.3% agar culture medium at 5% 0, tension in the presence of 1,000 to 30,000 units rhM-CSF/mL (as was previously n~ted,'~.~'), few colonies (520) containing 30 to 50 disperse macrophages were seen, and this was only observable when background endogenous colony growth was absent.
When up to lo5 LD human bone marrow cells per milliliter are grown in 0.3% agar culture medium, it is typical for there to be a background of greater than 100 clusters formed, with up to 50 colonies sometimes seen after 14 days of incubation at 5% 0 , . 7 . 2 6 7 3 ' This background can make it impossible to detect rhM-CSF stimulated macrophage colony formation. We have found that background growth is rare when the semisolid support medium is agarose. In over 20 experiments using different normal human bone marrow samples, we have detected no colony and little cluster (less than 10, containing 3 to 8 cells per cluster) formation after incubating lo5 LD bone marrow cells/mL for 14 days at 5% 0, in 0.4% agarose.
In two experiments, we detected up to two colonies with less than 10 clusters.
The morphology of colonies formed from LD or NALD human bone marrow cells growing in 0.4% agarose-culture medium in the presence of 1,000 units rhM-CSF/mL at 5% 0, is shown in Fig 1. Several different patterns of colony growth were apparent, but the cells in these colonies all stained positive wth nonspecific esterase and had the morphological characteristics of monocytes and macrophages. Under these conditions, control studies with rhGM-CSF and rhG-CSF, mentioned below, demonstrated stimulation of mainly granulocyte-macrophage and granulocyte colonies, respectively. The range of macrophage colony and cluster numbers stimulated by 1,000 to 10,000 units rhM-CSF/mL is given in Table 3 .
Comparative assay of rhM-CSF on human and mouse bone marrow. Three experiments were done to compare the growth of lo5 LD or NALD human marrow with that of 7.5 x lo4 unseparated or NA BDF, mouse marrow growing at 5% 0, in 0.4% agarose. Maximal numbers of human macrophage colonies were stimulated by 500 to 1,000 units rhM-CSF/mL, with l/z maximal colony numbers seen with 125 to 250 units/mL. In comparison, maximal numbers of mouse macrophage colonies were stimulated with 250 to 500 units rhM-CSF/mL, with I/ , maximal colonies stimulated by 125 to 250 units/mL. Under these culture conditions, rhM-CSF was two to four times more active on mouse, than on human, bone marrow cells.
RhM-CSF was evaluated, alone or in combination with other cytokines, for effects on colony formation by 5 x lo4 NALDT-normal human bone marrow cells growing in 0.4% agarose culture medium at 5% 0,. The results of one of two similar and reproducible experiments are shown in Table 4 . Recombinant hM-CSF was tested at 31 to 10,000 units/mL, alone or with 10 ng/mL rhIL-la or rhIL-6, or 20 or 200 units/mL of rhGM-CSF or rhG-CSF. While neither rhIL-la nor rhIL-6 had CSF activity by itself, rhIL-la, but not rhIL-6, when assessed in combination with 31 to 500 units rhM-CSF, showed greater than additive stimulation of colony formation. Greater than additive stimulatory effects on colony formation were also apparent when 31 to 500 units rhM-CSF were used with either rhGM-CSF or rhG-CSF. When used by itself, rhGM-CSF stimulated a majority (greater than 50%) of colonies containing both granulocytes and macrophages, while rhG-CSF, by itself, stimulated mainly (greater than 80%) colonies containing only granulocytes. The combination of rhIL-la plus rhM-CSF gave rise to greater than 90% macrophage colonies. The combination of rhM-CSF plus rhGM-CSF gave rise to colonies of macrophages and macrophages plus granulocytes. The combination of rhM-CSF plus rhG-CSF gave rise mainly to colonies of either macrophages or granulocytes.
Effects of combinations of growth factors.
DISCUSSION
Natural and rhM-CSF have been considered to be poor stimulators of human bone marrow macrophage colony f o r m a t i~n ,~*~. '~-~~ an enigma made all the more confusing by hM-CSF's potent capacity to stimulate large numbers of macrophage colonies from mouse bone marrow cells. The results presented here have shown that rhM-CSF is a relatively good stimulator of human macrophage progenitor cells if bone marrow cells are suspended in agarose, rather than in agar, and the cells are incubated at lowered 0, tension. The reasons for the differential growth advantage of human cell-derived macrophage colonies in agarose, compared with agar, are not clear. Since the culture ingredients, except for the agarose and agar, were the same, the results must be due to intrinsic differences in these semisolid support substances. This may reflect the presence of substances in agar not present in agarose that directly, or indirectly through accessory cell mediation, interfere with the prolifer- Two to three different rhMCSF preparations (DCP-006. DP-404, DP-405) were each assayed at lo3 to lo4 mouse bone marrow units/mL on each human marrow. Under the conditions of the experiments, these concentrations stimulated maximal formation of macrophage colonies. In most cases, greater than 97% of colonies were composed entirely of macrophages as assessed by nonspecific esterase staining of cells. Numbers in parenthesis represent significance levels (P values) for greater than additive effects compared with that of equivalent M-CSF concentration and other growth factor. Symbols denote the level of statistical significance for the Bonferroni procedure controlling the type I error rate for each column: *, P < .05; t, P < .01; $, P < .001. The statistical methods used are described in Materials and Methods.
Abbreviation: ND, not done.
ation of human macrophage progenitor cells, and/or that stimulate accessory cells to release growth factors for other cell lineages, thus masking detection of macrophage colonies. Alternatively, agarose may contain substances that when used in combination with rhM-CSF may enhance human macrophage colony formation. We have been unsuccessful in showing rhM-CSF-responsive human macrophage colonies in numbers greater than that seen in agar when methylcellulose is used as the semisolid support medium. In general, we have found that agarose, in comparison with agar or methylcellulose, allows detection of greater numbers of granulocyte/ macrophage progenitor cells responsive also to GM-CSF, G-CSF, or 11-3.'0.32 However, agar and methylcellulose are relatively good support media for the growth of GM-CSFand G-CSF-responsive human progenitors, and the enhanced growth of these progenitors in agarose versus agar is not as great as that seen for M-CSF-and IL-3-responsive progenitors.
Although our results still show that mouse bone marrow macrophage progenitor cells are more sensitive than human marrow macrophage progenitor cells to stimulation with rhM-CSF, the difference in sensitivity comparing growth in agarose a t 5% 0, tension is only two-to fourfold, compared with our previous findings of 10-to 100-fold differences in sensitivity when agar was used as the semisolid support The present two-to fourfold differences in sensitivity may reflect intrinsic differences in macrophage progenitors from these two species, or it may reflect the still less than optimal conditions for the growth of human macrophage progenitors.
Human and mouse M-CSF have shown hematopoietic stimulatory activity in vivo in mice,"-'' and human urinary CSF, a molecule similar if not identical to M-CSF,33 has already been used in clinical trials in Japan.33334 Recombinant hM-CSF is currently in clinical trials. The ability of rhGM-CSF to stimulate colony formation in vitro by human granulocyte-macrophage progenitors has helped to evaluate the in vivo effects of rhGM-CSF on these progenitors in The availability of the presently described assay for rhM-CSF-responsive human macrophage progenitor cells should help to evaluate the clinical effects of rhM-CSF on macrophage progenitor cells in humans. Combinations of cytokines have resulted in greater than additive effects in vitro6,7.26 and in vivo.14.15,35 The fact that the semi-solid agarose culture medium also allowed the detection of rhGM-CSF-and rhG-CSF-responsive cells and the greater than additive effects of rhM-CSF in combination with rhIL-la, rhGM-CSF, or rhG-CSF, suggests the value of this assay also in assessing hematopoietic progenitor cells in clinical trials that will eventually use combination cytokine therapy.
